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ABSTRACT

This article discusses the design, prototype development and an experimental study of facade-integrated thermoelectric (I'E) smart materials. TEs are
semiconductors that have the ability to produce a temperature gradient when electricity is applied, exploiting the Peltier effect, or to generate a voltage when
exposed to a temperature gradient, ntilizing the Seebeck effect. TEs can be used for heating, cooling, or power generation. In this research, heating and
cooling applications of these novel systems were explored. Initially, we designed and constructed two prototypes, where one prototype was used to study
integration of TE modules (TEM) as stand-alone elements in the facade, and one prototype was used to explore integration of TEMSs and heat sinks in
Jacade assemblies. We tested both prototypes, where a thermal chamber was used to represent four different exterior environmental conditions (0°F, 30°F,
60°F and 90°F). The interior ambient conditions were kept constant at room temperature. The supplied voltage to facade-integrated TEMs varied from
1 10 8 V. We measured temperature outputs of TEMs for all investigated thermal conditions using thermal imaging, which are discussed in detail in this
article. The results indicate that while stand-alone facade-integrated TEMSs are not stable, addition of heat sinks improves their performance drastically.
Facade-integrated TEMs with heatsinks showed that they wonld operate well in heating and cooling modes under varying exterior environmental

conditions.

INTRODUCTION

Buildings consume 40% of energy in the United States, and influence greenhouse gas emissions. High demand for
energy used for lighting, heating, ventilation, and air conditioning leads to significant amount of carbon dioxide
emissions. According to the U.S. Department of Energy, 15% of global electricity is consumed by vatious
refrigeration and air-conditioning processes, and 46% of the energy used in houschold and commercial buildings is
attributed to heating, ventilation and air-conditioning (HVAC) systems (DOE, 2011). Given the high energy usage
and inefficiencies found in conventional HVAC systems, new heating and cooling sources are needed in order to
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reduce buildings’ carbon footprint. Moreover, integration of different building systems, particularly building envelope
and HVAC, are essential for high-performance buildings. Thermoelectrics are one example of a promising technology
with potential architectural applications. Research and development has largely focused on thermoelectric modules
(TEMs) that convert heat energy into electrical energy (Montecucco et al.,, 2012; Yilmazoglu, 2016). Heating and
cooling modes can be switched by reversing the current direction (Fig. 1). TEMs can offer small-scale and relatively
low-cost electricity generation without the use of mechanical parts or production of toxic wastes (Seetawan et al.,
2014). The optimal performance of TEMs depends on many factors, ranging from material selection to operation
strategy (T'waha et al., 2016).

TEMs can be used for heating, cooling, or power generation (Fig. 2). TEMs consist of arrays of N and P type
semiconductors. When a heat source is applied on one side of the semiconductor and the other side is exposed to a
cooler temperature, electric power is produced (and can be generated in reverse). Electricity supply can actively
provide cooling or heating by reversing the current direction (Zheng et al., 2014).
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Figure 1 Thermoelectric materials produce electricity when exposed to thermal gradient, and cooling/heating when
voltage is applied.
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Figure 2 Potential use of TE materials in exterior walls for energy generation, heating and cooling,.

Most research into thermoelectrics (TE) conducted before 2005 concentrated on increasing the TE figure-of-merit
ZT, a dimensionless measure of conversion efficiency, through materials selection. Research focused on variations of
geometric features such as shape, size, and orientation to the flow in heat transfer systems. More recently, research on
TE applications has gained momentum (Twaha et al., 2016; Zhao and Tan, 2014). A promising, but not widely



researched area, includes use of TEs for targeted, localized heating and cooling in buildings, in addition to energy
generation.

In the past 15 years, significant growth of research into thermoelectric energy conversion is reflected in the increase in
related annual publications (Bell, 2008). TEMs have been used for cooling and heating applications in the military and
aerospace fields, and for electronic instruments (Kraemer et al., 2011). Since TEMs do not contain any moving parts,
they are very compact in size, while their operation is quite reliable and stable. This greatly reduces maintenance costs
when compared to other types of air conditioning systems (Shen et al., 2013). It is possible to use TEMs as an
alternative to HVAC applications with propetly designed heat exchangers (Yilmazoglu, 2016).

Thermoelectric heating and cooling has several advantages over conventional counterparts. The compact size, light
weight, reliability, lack of mechanical parts and elimination of the need for chlorofluorocarbons make them
environmentally friendly and appealing. But, applying thermoelectric systems for space heating and cooling remains
much more challenging and has not been explored beyond small scale applications and in theoretical proposals (Zhao
and Tan, 2014).

Few applications of TEM’s in facade assemblies have been researched, proposed, or constructed. This has created a
significant gap in knowledge in the potential architectural applications of TEM’s. Some researchers, however, have
proposed architectural applications with promising preliminary results. Liu et al. proposed a facade assembly that
integrates TEM with a heat sink for heating and cooling needs. Results indicate that the total input power required to
operate 2 TEM decreases as the distribution density of the TEMs increase. The thermal resistance of the heat sink
plays an important role in determining the number of TE coolers optimizing all potential design configurations (Liu et
al., 2015). This study proposed a window composed of four parts: a passive window, a PV module, thermoelectric
cooling units, and heat sinks. A semi-transparent PV module is integrated into the front pane of a passive double-pane
window and it is used to power TEMs integrated into the window frame. Finned heat sinks are placed in contact with
the TE units to control the heat transfer between the TEMs and the ambient environment. The PV unit converts
solar radiation into electrical energy, while the TEMs change this electrical energy into thermal energy. The TEMs can
heat or a cool, depending on the direction of the current supplied by the PV unit. This would allow the building
envelope to be used in both heating and cooling applications (Liu et al., 2015).

While the scientific principles and properties that govern TEs were discovered over one hundred years ago, the
applications in facade systems have not been widely explored. This research addresses this gap in knowledge by
investigating integration of TEMs into building facades for heating and cooling.

RESEARCH QUESTIONS AND METHODS

The research questions that were addressed include:

. How can TEMs be integrated into architectural facade assemblies?

. How do TEMs behave in typical climate thermal conditions?

. How is TEM’s thermal performance affected by varying voltages, climatic conditions and assembly
construction?

. How is TEM performance affected by different configuration of heat sinks?

Two low fidelity TEM facade prototypes were assembled for the purposes of this study. These were tested in ambient
and thermally controlled conditions to measure temperature gradients, heating and cooling potential. Materials for
these assemblies were selected for their commercial availability, as well as their specifications. Two heat sink types
were chosen to provide a comparison in heat transfer performance values.

The dimensions of TEM modules are 40mm x 40mm, drawing up to 12V, with operating conditions from -30°C to
83°C. Small heat sinks of 40mm x 40mm x 11mm, composed of aluminum cooling fins, were used to provide direct
heat sinks for a flat heat sink assembly. These were fixed to the TEMs using 0.5mm silicone based thermal pads. The
second prototype included larger heat sinks. Two 120mm heat sinks were used, with four direct heat copper pipes for



heat dissipation to an array of fins. Thermal paste provided a thermal connection to the TEM module.

Five configurations were considered when constructing prototypes for testing (Fig. 3). A direct contact TEM facade
module would provide the simplest assembly, applying heat sinks directly to the TEM. This assembly, however, poses
the greatest potential for thermal bridging and gaps in the facade assembly. A sink transfer assembly expands upon the
direct contact assembly, but relies on conductors to transfer heat from the TEM to heat sinks. Location shift
assemblies are similar to sink transfer assemblies, but allow for flexibility in regards to heat sink location in relation to
the TEM. Stacked TEMs provide the opportunity to increase the temperature differences between the hot and cold
sides beyond what is possible with a single TEM across multiple modules. Floor mounted assemblies consider
integrating TEMs, conductors, and heat sinks into the floor plate and facade. This assembly is the most complicated
application, but provides benefits that include natural convection and heat sink concealment.
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Figure 3 Schematic representation of possible configuration and placement of TEMs in facades.
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For the purposes of this research, direct contact and sink transfer TEM facade assemblies were selected, for their
simplicity and broad applicability. Each assembly was constructed using 2, 17 foam insulation panels with an R-value
of 5, providing each assembly with an R-value of 10. Thin board (1/8”) was glued to face the foam insulation and
provided a housing within the assembly for the TEM modules and heat sinks. Heat sinks were inserted into the
assembly and connected to the TEM using thermal paste or thermal pads. The flat assembly did not rely on any
fasteners to connect the TEMs to the heat sinks, instead thermal pads provided the adhesion. The large heat sink
assembly required an assembly composed of nuts, bolts, and washers to sandwich the TEM, foam, and board
assembly together. Spray foam insulation was applied to the larger heat sink assembly to prevent any thermal breaks
that may have developed through use of metal hardware and fasteners. These assemblies can be seen in Figures 4 and

5.



Figure 4 Architectural TEM proof of concept assembly model sections.
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Figure 5 TEM proof of concept mockup.

To understand how facade-integrated TEMs behave, these prototypes were first tested in ambient room conditions
(temperature of 72°F). An independent module without a heat sink, a module with a flat heat sink, as well as the
assembly mockups were tested with applied voltage of 1V increments. Results were measured using thermal imaging
camera, as well as a power supply. Thermal images were taken at one volt increments up to 8V, and temperatures
were recorded using a thermal camera with numerical temperature read-out with resolution of 0.1 degree.

Further testing involved the use of a temperature controlled thermal chamber, model Tenney Jr. The thermal
chamber’s 16.5” x 16.5” opening was sealed using 17 of insulating foam with tape applied to provide a relatively air
tight seal for the testing. Assemblies were inserted into a 10”x10” void and were taped again (Fig. 6). The 10”x10”
void allowed for easy insertion and removal of the prototypes. The chamber was set to 0°, 30°, 60°, and 90°F to
represent different exterior temperatures (winter, summer and intermediate seasons). This method of testing simulated
typical exterior temperatures found in most climates while allowing for temperature data to be collected in a
controlled setting. The thermal chamber was allowed time to stabilize (1 hr) before each testing session, and 20
minute breaks were taken in between each observation. The ambient temperature of the room was kept relatively
stable at 73°F. Voltage was applied in 1 V increments in both heating and cooling modes. Temperature measurements
on the exterior surface of the prototypes were recorded using a thermal camera.
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Figure 6 TEM assembly testing in thermal chamber with thermal imaging.

RESULTS

Ambient Testing Results

Results were collected, tabulated, and graphed for analysis. The temperatures observed in ambient testing ranged from
48.8°F to 258.3°F in both cooling and heating modes. The maximum temperature observed occurred on the hot side
of the flat heat sink at 8V. The independent TEM approached this value, reaching 238.2°F at 6V before module
failure. Heating side maximums exceeded 200°F in all ambient assembly tests, except for the large heat sink (measured
temperature for of this assembly was 98.3°F at 8V). All heating side temperatures show positive temperature trends
(Fig. 7).

Cooling temperatures displayed inconsistent data. Temperatures ranged from 48.8°F to 181.1°F. Cold side
temperatures elevate significantly on the independent TEM, flat heat sink, and flat heat sink assembly above 4V. The
cold side temperatures of these testing modules exceed 100°F at or around 4V. The large heat sink shows
temperatures ranging from 59.5°F to 48.8°F. The temperature difference and average temperature values were the
lowest for this assembly.

Modules without heat sinks were stressed by high temperature difference values, often times exceeding those
suggested by the manufacturer. Average temperatures show similar stresses, and can reach or exceed 200°F. TEM
failures occurred on several occasions, most notably when TEMs were not paired with heat sinks, or if voltages
exceeded 8V. This is caused by poor thermal coupling to the environment: when the heat removal from the TEM to
the environment is inefficient, the TEM overheats and fails. Only the large heat sink maintained a stable average
temperature, stressing the importance of incorporating a properly-sized heat sink with minimal thermal resistance for
the proper functioning and reliability of facade-integrated TEMs.



TEM: AT(°F) vs. Watts TEM: Average T(°F) vs. Watts
100 250 -

=<3
S

[=2]
=1

Average Temperature (F)

N
S

Temperature Difference (F)

0 1 1 1 ] 50 1 Il 1 J
0 5 10 15 20 0 5 10 15 20
Watts Watts
~—Indepedent TEM, no heatsink ~— Indepedent TEM, no heatsink
——— TEM with flat heatsink, both sides —— TEM with flat heatsink, both sides
——— TEM with flat heatsink, both sides in wall prototype —— TEM with flat heatsink, both sides in wall prototype

TEM with cpu heatsink, both sides in wall prototype TEM with cpu heatsink, both sides in wall prototype
= Module Failure = Module Failure

Figure 7 Temperature difference and average temperature results in ambient conditions.

Temperature difference data indicates that a threshold of failure exists within the TEM module, occurring around
80°F, 15°F above the manufacturer's stated value. When plotted against power, the data show performance in line
with observations, indicating that the temperature differentials were directly influenced by the presence of a heat sink.
Data also shows that heat sinks allow a higher power input without leading to extreme temperature differentials.

Thermal Chamber Testing Results: Heating

Results of the thermal chamber testing indicate that the temperature values increase as higher voltages are applied,
regardless of the assembly type or tested temperature (Fig. 8). The results for the prototype with a large heat sink
show that temperatures range from 56.4°F to 97.1°F when applied in 1V increments. Tested temperature of 0°F
yields a heating temperature range of 66.9°F to 80.1°F. Observed values start at 66.9°F due to the ambient
temperatures of the testing room. Values always remained above 0°F temperature. 30°F ambient temperature data
show values rising from 56.4°F to 81.6°F from 1V to 5V respectively. At 6V, a decline in temperature to 75.8 was

observed. At 60°F ambient temperature, heat sink values ranged from 73.8°F to 97.1°F. Temperatures rose relatively
consistently at this tested temperature.
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Figure 8 Assembly heating at 0, 30, 60°F with 3V applied.
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Heating performance of the assembly with flat heat sink shows temperatures ranging from 28.8°F to 177°F. The



heating from this assembly always exhibits a positive trend with increasing voltage. At 0°F temperature, heating
temperatures range between 28.8°F to 80.6°F. Obsetved values without applied voltage start at 26.6°F. At 30°F
temperature, results show values rising from 49.6°F to 159.8°F from 1V to 6V tespectively. At 60°F temperature,
values ranged from 70.5°F to 177°F. Heat sink temperatures at this temperature exceeded 100°F when 3V is applied.

TEM w/ heatsinks in Chamber: AT(°F) vs. Watts (Heating Mode) TEM w/ heatsinks in Chamber: Average T(°F) vs. Watts (Heating Mode)
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Figure 9 AT vs Watts and average temperature vs Watts in heating mode.

Temperature difference data in the heating mode indicates that heating performance behaves consistently despite
thermal chamber temperatures (Fig. 9). Detailed data is shown in Table 1. Higher thermal chamber temperatures lead
to higher temperature differences with increasing power being applied. This was observed in both assemblies;
however, the flat heat sink showed positive trends, while the large heat sink showed relatively constant temperature
differences with increasing power. The temperature differences observed in the flat heat sink greatly exceeded the
manufacturer stated maximum of 65°F, leading to failure at 7W. The large heat sink assembly displayed a relatively
constant difference of 65-70°F, even as power input increases.

Table 1. Results of Thermal Testing
(Heating Mode)

Chamber Voltage Current Power Exposed
Temp (°F) (Volts) (Amps) (Watts) TEI\(/E) g)emp Average Temp (°F)
0 0 0 0 68 34
1 0.17 0.17 66.9 33.45
2 0.45 0.9 70.2 35.1
3 0.74 2.22 73 36.5
4 1.02 4.08 71.9 35.95
5 1.12 5.6 75.7 37.85
6 1.42 8.52 80.1 40.05
30 0 0 0 52.1 26.05
1 0.16 0.16 56.4 35
2 0.45 0.9 70 35
3 0.62 1.86 72.1 36.05
4 0.87 3.48 68.9 34.45
5 1.23 6.15 81.6 40.8



6 1.4 8.4 75.8 37.9
60 0 0 0 72.8 36.4
1 0.08 0.08 73.8 36.9
2 0.73 1.46 74.2 37.1
3 0.04 1.92 78.6 39.3
4 0.9 3.6 80.6 40.3
5 1.12 5.6 88 44
6 1.41 8.46 97.1 48.55

Thermal Chamber Testing Results: Cooling

TEM cooling data shows temperature values that are dependent on TEM assembly. The large heat sink data show that
at a 60°F ambient temperature, cooling ranges from 71.6°F to 46.1°F when voltage is applied in 1V increments.
However, cooling does not occur linearly. The minimum temperature was observed when 4V was applied to the large
heat sink, while 5V and 6V values were slightly higher, at 53.7°F and 49.5°F respectively. Cooling performance was
more effective at 60°F. Temperatutes obsetved at 1-3V wete higher than 60°F temperature (due to testing room
temperature), but lowered significantly when higher voltages were applied. At 90°F temperature, TEM performance is
relatively uniform. Measured temperatures ranged from 57.2°F to 66.8°F.

The flat heat sink assembly showed results ranging from 43.3°F to 93.9°F. Obsetved temperatures wete lower when
operated at a 60°F temperatute, and remained below the ambient temperature through 4V. Temperatures obsetrved at
90°F ranged from 72.8°F to 93.9°F. Temperatutes remained below the ambient temperature up to 5V, but
temperatures observed would not provide adequate cooling for occupant thermal comfort.

TEM w/ heatsinks in Chamber: Average T(°F) vs. Watts (Cooling Mode)
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Figure 10 AT vs Watts and average temperature vs Watts in cooling mode.

Results for the cooling mode indicates that higher temperature differences atise as power inputs increases within the
assemblies (Fig. 10). This was observed in both assemblies; however, the flat heat sink showed positive trends, while

the large sink showed a slightly negative trend or constant temperature difference trend. Table 2 shows detailed
results.

Table 2 Results of Thermal Testing
(Cooling Mode)

Chamber Current Exposed
Temp Voltage (Amps) Power TEM Average
CF) (Volts) (Watts) Temp (°F) Temp (°F)




60 0 0 0 76 38
1 0.36 0.36 71.6 35.8
2 0.65 1.3 70 35
3 0.77 2.31 62.9 31.45
4 1.08 4.32 46.1 23.05
5 1.41 7.05 53.7 26.85
6 1.82 10.92 49.5 24.75

90 0 0 0 72.8 36.4
1 0.19 0.19 63.2 31.6
2 0.43 0.86 66.8 334
3 0.65 1.95 57.2 28.6
4 0.92 3.68 66.6 33.3
5 1.27 6.35 66.6 33.3
6 1.6 9.6 60.5 30.25

PERFORMANCE

The overall efficiency of a TEM assembly is captured by its coefficient of performance (COP). The COP is the ratio
of the heat flux caused by the TEM over the electrical input power. Hence the COP represents the output (heat) and
the input (electrical power). The input power is the product of voltage and current recorded from the power supply,
while the heat flux Q was calculated from the difference between heatsink and environment temperature, multiplied
by the thermal resistance R of the heatsink. The R was calculated to be 0.2 W/F based on the area, thickness, and

total number of cooling fins on the heatsink. Thus, the complete formula for the COP is COP = % =

R(TheaSi;‘s_T"’"m). The COP values were calculated assumint Trwom=72°F, and tesults are shown in Figure 11. The

COP values can be negative when AT is large. This is because heat naturally diffuses from hot to cold, sometimes
termed the “passive” flux, while the TEM is trying to push a heat flux in the opposite direction, from cold to hot,
termed “active” flux. The heat flux produced by the TEM is proportional to the input power, while the opposing
natural diffusion is proportional to AT. When input power is low and AT is high, the active flux is smaller than the
passive component, and the total in the numerator of the COP formula is negative. As input power increases, the
active flux overtakes the passive and a net COP ranging from 1 to 3 is observed, meaning that the TEM pushes 1-3
Watts of heat for every Watt of input. Under smaller AT values, the COP can exceed 5; however, practical
applications require as much heat flux as possible and at the largest input powers tested (8-10 Watts), the COP is only
slightly higher, reaching values of 5-6. These COPs are reasonably high and comparable to smaller conventional
HVAC systems, but here we have the added advantage of size, noise, and reliability.
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Figure 11 Coefficient of performance.

CONCLUSION

The results show that TEMs operate at effective heating and cooling temperatures even when exposed to variable
exterior temperatures, represented by the thermal chamber. They are most effective when paired with a larger heat
sink, especially for cooling. Results also show that TEMs, when integrated into facade prototypes, operate effectively
in heating and cooling modes.

Data shows that the TEMs are more effective for heating and cooling applications when paired with heat sinks. Data
also shows that when TEMs are paired with a larger heat sink, the cooling side operates more efficiently, and is
affected to a lesser extent by temperatures generated within the TEM and any thermal bridging that may be occurring
across the TEM.

The heating and cooling functions of TEMs appear to be most effective and efficient for cooling operations when 2-
4V are applied to the module. This effect is more evident in the small heat sink assembly, whereas the larger heat sink
assembly maintains a mote consistent temperature as voltage above 3V is applied.

TEM modules operating without a heat sink or with a small heat sink are inefficient or ineffective. Without a means to
transport and dissipate heat, TEM modules overheat due to the thermal transport involved at the molecular level.
Thermal bridging may also contribute to high cold side temperatures.

Results of this study show promising opportunities for integrating TEMs in facade system, since these smart materials
can be used for heating and cooling of intetior spaces. The performance of facade-integrated TEMs is most useful
when paired with a larger heat sink, especially for the purposes of heating. This assures adequate heat dissipation from
these advanced materials. TEM modules operating without a heat sink or with a small heat sink are inefficient. Results
indicate that stand-alone facade-integrated TEMs are not stable, and are not promising for architectural heating and
cooling needs. Without a means to transport heat, TEM modules overheat due to the molecular thermal transport
within the modules. However, facade integrated TEMs paired with heat sinks displayed effective heating and cooling
operation under varying exterior environmental conditions.

Integrated TEM facades offer many potential benefits. The mechanical equipment required for HVAC can be
reduced, leading to lower maintenance requirements and operational cost reductions. TEMs can be integrated and
paired with radiant panels to cause less disruption to interior spaces than traditional HVAC equipment. Finally, TEM



heating and cooling provides the opportunity to significantly increase the efficiency of building HVAC, thus reducing
the energy required to condition interior spaces.

Next steps for this research will include investigation of thermal transport in several different exterior wall types
(computational and experimental), used for commercial and residential applications.
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C. J.Vineis et al., Adv. Mat.22,3970-3980 (2010)

PbSeTe NDSL — Harman et

Si NW — Boukai et al. [10]

BiSbTe —

2010

Si NW — Hochbaum et al. [11]
Poudel et &/, [12]
AgPb,SbTe,,, - Hsu et al. [5]

Na, Pb,Sb Te,. . — Poudeu et al. [13]
PbSnTe-PbS - Androulakis et al. [14]
4 3 &
TI-PbTe — Heremans et al. [16]
l Ba,GaCe,, - Saramat et al. [17]
|

Bi, Te,/Sb,Te, SL — Venkatasubramanian et al. [3]
al. [4]

Se, Rhyee ot al. [15]

SiGe *-Wang etal [18]
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R
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. . Negative (-)
Thermoelectric Materials

Positive (+) Hotside : .
(heat rejected) eramic

\ substrate

e Commercial thermoelectric modules
(TEMs) available

* Robust, contain no moving parts

 However, TEM applications scarce N-type
semiconductor

P-type
semiconductor

Conductive metal

Cold side
(heat absorbed)
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INTRODUCTION
Thermoelectric Materialsand Applications

e (Car exhaustsystems
o Wearable electronics
o Solar-thermal generators

 Nanoscale power sources

HeaHInw .\ .\ Banery Walchn/mwemenl / Heat flow
!

=5 //

3

Thermoeleciric
modules

Booster Adiabatic
integrated circuit Arm tase

Thermeelovin
Vcinn glass o
. wement






p -
I

84.8% FOSSIL FUELS 28.6% TRANSPORT
39.2%

Petroleum

28.50 44.6% WASTE HEAT
Primary fuels

Ground transportation

0.1% Electricity Aviation/marine/pipelines
(secondary fuel)

26.7% Lost in conver-
sion from chemical to
electrical energy

Electric transport

31.4% INDUSTRIAL

Commercial and residential

20.9%
29 40 Primary fuels
Coal
Steam generation, facil-
ity heating and coaling,
ghting, and

3.4% Electricity
7.2%% Allocated waste heat from
electricity generation®

55.500 UTILIZED

8.3% NUCLEAR 41.6% Used directly
as fuel for vehicles,
feedstocks for indus-
17.8% COMMERCIAL trial products, and heat

\ sources for n-
3.6% o : tial and commercial
4.5 buildings

6.7% RENEWABLES

40.6%

ELECTRICITY
GENERATION
0.1% IMPORTED
ELECTRICITY
Heating, ventilation,
21.3%0 RESIDENTIAL cooling, and lighting
6.7%
4.7%
CLRRENT Electricity
9.9%*
TYPE SUPPLY Ll
I *Proportion af waste heat attributed to the generation
\ of electricity for each economic sector.

i . Notes: Dhata fior 2007, Fercentages based on quadril-
\\_ Wind 03 1.3% POWER DELVERY lion ETU equivalents. Because of rounding and dis-
WS —__ Solar 0.1 Transmission and delivery losses crepanciesbetween sources figures donot total roo%.
__Industrial waste 001 Sources: DOE Energy Information Administration.

Based on chart prepared by David Bassett for the
Woodrow Wilson International Center for Scholars
Information graphichy TOMMY MCCALL and DAVID BASSETT and the Environmental Law Institute.
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INTRODUCTION

Facade-Integrated Thermoelectric Materials

Energy Generation Heating Cooling

Interior Exterior Interior Exteriar

Energy Generated + Current Reversed
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Research questions

« How can TEMs be integrated into architectural facade assemblies to
provide heating and cooling?

« How do TEMs behave in typical thermal conditions in various climates?

« How is TEM’s thermal performance affected by varying voltages, climatic
conditions and assembly construction?

« How is TEM performance affected by different configuration of heat
sinks?





Methods

Two low fidelity TEM facade prototypes desighed and constructed

Experimental testing conducted in ambient and thermally controlled
conditions (thermal chamber) to measure temperature gradients, heating
and cooling potential

Four exterior temperatures (0O°F, 30°F, 60°F, 90°F) were used in thermal
chamber setup: cooling mode for 60°F, 90°F; heating mode for O°F, 30°F,
60°F

Thermal imaging used to measure temperature outputs for heating and
cooling mode
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PROTOTYPES
Placementof TEMs

Direct Contact

Insulation Insulation

TEM TEM
Conductor
Heat Sink

Heat Sink —/

Sink Transfer

P ZZ22274

Investigated prototypes

Insulation

TEM

Conductor

Heat Sink —

LocationShift

Stacked TEMs

Insulation

p
TEM —f
Heat Sink —4

SN

Floor Mounted
Heat Sink — Insulation
2/2/7774 N TEM
N
N
o % Conductor
\—— Heat Sink
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PROTOTYPES
Design and Components

1” insulation

Board

Small heat sink

Prototype 1

1” insulation

Board

Prototype 2

Large heat sink
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PROTOTYPES
Mockups

Prototype 1 Prototype 2
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TESTING
Ambient Testing

gy

« Prototypesinitially tested in ambientroom conditions
(temperature of 72°F)

e Independent module withouta heat sink, a module with a flat
heatsink, and the assembly mockups tested with applied voltage
of 1V increments

e Results measured using thermal imaging camera and power
supply

 Thermalimagesweretakenat 1 incrementsup to 8V, and
temperatures were recorded using thermal camera

Copyright Ajla Aksamija 13
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TESTING
Thermal Chamber

e Thermal chamber with temperatures of 0°,
30°, 60°, and 90°F to representdifferent
exterior temperatures

e Ambienttemperature of the room keptat
/3°F, representing interior conditions

« Voltage appliedin 1V increments (to 8 V)
in both heating and cooling modes

e Temperature measurements on the exterior
surface of the prototypes were recorded
using thermal camera

Copyright Ajla Aksamija 14
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TESTING
Thermal Chamber

SAR N00° 00°00" s
AR E00°00°00" | 416°F v

Assembly heating at 0, 30, 60°F with 3V

' N 00" 00
E

0 a.
00° 00° 00" |

529°F

Y

N

N ——r—

N00* 00' 00" -
E 00" 00° 00" 66.7 °F
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RESULTS

Ambient Testing
TEM: AT(°F) vs. Watts TEM: Average T(°F) vs. Watts
100 — 950 —
T 80 - . L
8 5
@ I
2 g
S :
@
E 40 E’
2 )
(=N (48]
% 5 10 15 20 ' !
1 2
Watts ° 0

Watts

Indepedent TEM, no heatsink
——— TEM with flat heatsink, both sides

—— TEM with flat heatsink, both sides in wall prototype

Indepedent TEM, no heatsink
——— TEM with flat heatsink, both sides

—— TEM with flat heatsink, both sides in wall prototype

——— TEM with cpu heatsink, both sides in wall prototype . . o
—— TEM with cpu heatsink, both sides in wall prototype

= Module Failure

L Module Failure
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RESULTS
Thermal Chamber: Heating

Chamber
Temp (°F)

Voltage
(Volts)

0

Ok, WNPEPOODUE, WNREPRPOOUIEWNPRE

Current
(Amps)

0
0.17
0.45
0.74
1.02
1.12
142

0
0.16
0.45
0.62
0.87
1.23

14

0
0.08
0.73
0.64

0.9
1.12
141

Power
(Watts)

0
0.17
0.9
2.22
4.08
5.6
8.52
0
0.16
0.9
1.86
3.48
6.15
8.4
0
0.08
1.46
1.92
3.6
5.6
8.46

Results of Thermal Testing (Heating Mode)

Exposed TEM Temp
(°F)
68
66.9
70.2
73
71.9
75.7
80.1
52.1
56.4
70
721
68.9
81.6
75.8
72.8
73.8
74.2
78.6
80.6
88
97.1

Average Temp
(°F)
34

33.45
35.1
36.5

35.95

37.85

40.05

26.05

35
35

36.05

34.45
40.8
37.9
36.4
36.9
37.1
39.3
40.3

44
48.55
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RESULTS
Thermal Chamber: Heating

TEM w/ heatsinks in Chamber: AT(°F) vs. Watts (Heating Mode) TEM w/ heatsinks in Chamber: Average T(°F) vs. Watts (Heating Mode)
200 100
150 Lo gp
8 g
(&) =
= —
]
£ 100 & 60
= a
5 ;
© =
2 50 o 40
© &
Q 7}
g 0 22
]
_50 ] 0 1
0 2 4 6 8 10 10
Watts Watts
—— 0° Chamber Temp (CPU Heatsink) ~ ----- 0° Chamber Temp (Flat Heatsink) —— (° Chamber Temp (CPU Heatsink) ~ ----- 0° Chamber Temp (Flat Heatsink)
——— 30° Chamber Temp (CPU Heatsink) ----- 30° Chamber Temp (Flat Heatsink) ——— 30° Chamber Temp (CPU Heatsink) ----- 30° Chamber Temp (Flat Heatsink)
~—— 60° Chamber Temp (CPU Heatsink) ----- 60° Chamber Temp (Flat Heatsink) ——— 60° Chamber Temp (CPU Heatsink) - ---- 60° Chamber Temp (Flat Heatsink)
——— 90° Chamber Temp (CPU Heatsink) —— 90° Chamber Temp (CPU Heatsink)
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RESULTS
Thermal Chamber: Cooling

Results of Thermal Testing (Cooling Mode)

Chamber Voltage Current Power Exposed TEM Average Temp
Temp (°F) (Volts) (Amps) (Watts) Temp (°F) (°F)
0 0 0 76 38
1 0.36 0.36 71.6 35.8
2 0.65 1.3 70 35
3 0.77 231 62.9 31.45
4 1.08 4.32 46.1 23.05
5 1.41 7.05 53.7 26.85
6 1.82 10.92 49.5 24.75
[ 90 | 0 0 0 72.8 36.4
e 1 0.19 0.19 63.2 316
s 2 0.43 0.86 66.8 334
I 3 0.65 1.95 57.2 28.6
s 4 0.92 3.68 66.6 33.3
I 5 1.27 6.35 66.6 333
s 6 1.6 9.6 60.5 30.25
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RESULTS
Thermal Chamber: Cooling

TEM w/ heatsinks in Chamber: AT(°F) vs. Watts (Cooling Mode)

100

o
=

(=2}
(=

.
=

0

Temperature Difference (F)

L
1 1 | | 1 J
2 4 6 8 10 12
Watts
60° Chamber Temp (CPU Heatsink) ----- 60° Chamber Temp (Flat Heatsink)
90° Chamber Temp (CPU Heatsink) ----- 90° Chamber Temp (Flat Heatsink)
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RESULTS

Coefficient of Performance

T T T T T

T
B0 ~o- AT=73F|
N -4-AT=43F
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DISCUSSION

o TEMs operate at effective heating and cooling temperatures even when
exposed to variable exterior temperatures, represented by the thermal
chamber

» Most effective when paired with a larger heatsink, especially for cooling

 TEM modulesoperatingwithouta heatsink or with a small heat sink are
inefficientor ineffective. Withouta meansto transportand dissipate heat,
TEM modules overheatdue to the thermal transportinvolved at the
molecular level

o Larger heatsink assembly maintains a more consistenttemperature as
voltage above 3V is applied

Copyright Ajla Aksamija 22
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NEXT STEPS
Testing in Different Facade Assemblies

CMuU Rainscreen Curtain Wall Light Wood
Construction
- SHEATHING
/ -, GYPSUMBOARD
| AN A
RIGID INSULATION
T WOOD FRAME
- \
P METAL STUD WALL WOOD SINGLES——— CAVITY INSULATION
BITUMINOUS
_+~ WATERPROOFING
~" | SHEET HEAT SINK HEAT SINK
L. FASTENING CLIP INSULATED TEM
T rem GLAZING UNIT CONDUCTOR MAT.
1~ CONDUCTOR
AIR CAVITY — MATERIAL GYPSUM BOARD
i FLYWOOD
ANCHOR —— HEAT SINK ADHESIVE L ALUMINUM FRAMING =—— INTERIOR FINISH
i HEAT SINK .
-CMU BACKUP I
WALL E 3 HEAT SINK
MOISTURE BARRIER ) e “INSULATION : B‘\ilél.fﬂw
NSULATION i it i AIR BARRIER 5
i ~ E FLASHING
HEAT SINK | HEAT SINK i , CONCRETE SLAB ON GRADE
i !
FACE BRICK B M I STRUCTURE
TOOLED MORTAR JQINT COMDUCTOR MAT.
DRAINAGE MAT.—_ 77 CONDUCTOR MATA GYPSUM BOARD SILL SEALER
FLASING . INSULATION FINISH GRACE 3
h L 1 FLaSHING SHEATING T W— e ——
FINISH GRADE : Y - i —
— -~ FOUNDATION N N = e
| A ! i h1a 1l -— \ I
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NEXT STEPS

Testing in Different Facade Assemblies

Rainscreen — Curtain Wall
Thermocouples )“/\ 1_;
R m o oo
¢
og oo
“‘i-d"—ra —

4

Heating and Cooling Heat Pump aia--
Sensors for Temyp. and Rel. Humidity —"*é';',"h._______
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CONCLUSIONS

* Promising opportunities for integrating TEMs in facade systems, can be
used for heating and cooling of interior spaces.

* The performance of facade-integrated TEMs is most useful when paired with
a larger heatsink. This assures adequate heat dissipation from these
advanced materials.

* |ntegrated TEM facades offer many potential benefits: reduction of
mechanical equipment required for HVAC, lower maintenance requirements
and operational cost, improvement of environmental impact of HVAC
systems.
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THANK YOU

e aaksamija@umass.edu

e zlatana@engin.umass.edu
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